The extensor apparatus, an aponeurosis that covers the dorsal side of each finger, transmits force from a number of musculotendons to the phalanges. Multiple tendons integrate directly into the structure at different sites and the extensor apparatus attaches to the phalanges at multiple points. Thus, prediction of the force distribution within the extensor apparatus, or hood, and the transmission to the phalanges is challenging, especially as knowledge of the underlying mechanical properties of the tissue is limited. We undertook quantification of some of these properties through material testing of cadaver specimens. We punched samples at specified locations from 19 extensor hood specimens. Material testing was performed to failure for each sample with a custom material testing device. Testing revealed significant differences in ultimate load, ultimate strain, thickness, and tangent modulus along the length of the extensor hood. Specifically, thickness, ultimate load, and ultimate strain were greater in the more proximal sections of the extensor hood, while the tangent modulus was greater in the more distal sections. The variations in mechanical properties within the hood may impact prediction of force transmission and, thus, should be considered when modeling the action of the extensor apparatus. Across the extensor hood, tangent modulus values were substantially smaller than values reported for other soft tissues, such as the Achilles tendon and knee ligaments, while ultimate strains were much greater. Thus, the tissue in the extensor apparatus seems to have greater elasticity, which should be modeled accordingly.
Introduction
The extensor apparatus, or extensor hood, is a continuous aponeurosis that covers the dorsal surface of the finger phalanges from the metacarpophalangeal (MCP) joint to the distal phalanx (Tubiana and Valentin, 1964) . Tendons from a number of muscles integrate into the extensor apparatus, which, in turn, inserts into the phalanges at multiple locations and has numerous other connections with the bones and skin through soft tissue (Landsmeer, 1949; Milford, 1968; Sabnis, 2013) . The presence of the extensor hood, in conjunction with the series of annular and cruciform ligaments that form anatomical pulleys on the palmar surface of the phalanges (Doyle, 1988) , allows transmission of force from the muscles, which all reside proximal to the MCP joint, to the segments of the finger. This configuration allows for maximization of the passive range of motion of the joints, as the muscle bellies do not restrict joint movement (i.e. in contrast to biceps brachii limiting elbow flexion, for example). In addition, the proximal location of the muscles minimizes the mass, and thus inertia, of the moving digit.
These advantages necessitate more complex musculotendon force transmission and more complicated control (Lemon, 1993; Valero-Cuevas, 2009 ). Depending on the digit, four or even five musculotendons (Infantolino and Challis, 2010) may integrate into the extensor hood. Force transmission through the extensor apparatus is still not well understood despite a number of studies examining the influence of the extensor hood on joint kinematics and kinetics and the localized strain developed in response to Contents lists available at ScienceDirect journal homepage: www.elsevier.com/locate/jbiomech www.JBiomech.com applied loading. Landsmeer (1949) , for example, described the anatomy of the extensor hood and its potential role for contributing to coupled joint movement within a digit (Landsmeer, 1949) and producing phenomena such as the claw hand (Mulder and Landsmeer, 1968) . Micks and Reswick (1981) estimated the effective moment arm of the extensor hood at the proximal interphalangeal (PIP) joint and noted varying stresses in the extensor structure (Micks and Reswick, 1981 ). An et al. (1983) estimated anatomical extension moment arms for the index finger muscles, including those that merge with the extensor hood . Lee et al. (2008b) computed effective static moment arms for the extensor muscles from fingertip forces measured in response to tendon loading in cadaver specimens (Lee et al., 2008b) and Kamper et al. (2006) looked at changes in extensor moment arms with changes in posture from fingertip forces measured in vivo in response to electrical stimulation (Kamper et al., 2006) . von Schroeder and Botte (1993) examined joint movement in response to loading of the extensor digitorum communis tendon (von Schroeder and Botte, 1993) . While these studies contributed to understanding the behavior of the extensor hood, they did not address the underlying material properties of the structure itself. Systematic quantification of the material properties of different regions of the extensor hood is lacking. While multiple researchers directly measured the local strain developed at different locations within the extensor apparatus in response to tendon loading using Hall-effect sensors (Hurlbut and Adams, 1995) , microstrain gauges (Sarrafian et al., 1970) or optical measurements (Lee et al., 2008a) , material properties such as elastic modulus, ultimate tensile strength, and ultimate strain were not directly measured. GarciaElias et al. (1991b) performed force-displacement measurements on intact specimens (Garcia-Elias et al., 1991b) , but the connections between the extensor apparatus and surrounding structures could have influenced the input-output relationships, and stressstrain values were not reported.
These material properties are important for formulating biomechanical models created to predict the force distribution throughout the extensor hood for different tendon loading patterns. Past efforts to model the hood, beginning with the representation of a rhomboidal network of tendons (Winslow, 1732) and further refined over the past 30 years (Garcia-Elias et al., 1991b; Saxena et al., 2012; Valero-Cuevas et al., 1998; Zancolli, 1979) , have of necessity assumed uniform properties throughout the extensor apparatus (Lee et al., 2008a; Valero-Cuevas et al., 1998) . The extensor hood, however, is a heterogeneous structure (Garcia-Elias et al., 1991a) . These heterogeneities can impact the force distribution to different bony connections, such as the central and terminal slips, with dramatic impacts on the fingertip movement or force development in response to a given tendon loading pattern. This has ramifications for the potential use of these models for helping to guide repair of extensor hood injuries, such as mallet finger (Stack, 1969) or swan neck deformity (Harrison, 1965) .
Thus, the goal of this study was to investigate the mechanical properties of different segments of the extensor apparatus through tensile testing. We hypothesized that the elasticity of different portions of the apparatus would vary significantly. These data would support the development of computer models, including finite element models, to better explain the force propagation through the extensor mechanism.
Materials and method

Procedure
A convenience sample of 19 finger extensor hood specimens (9 index fingers: 5 from right hands and 4 from left hands, 10 middle fingers: 6 from right hands and 4 from left hands) was harvested from fresh-frozen human cadaveric hands.
The specimens were dissected in one piece from all other structures, such as skin, subcutaneous tissue, and bone. The harvested specimens were frozen and then thawed immediately before testing. Dog-bone shaped samples were taken at multiple sites within each extensor specimen. All samples were oriented along the fiber directions. Samples were obtained using a custom punch (Quapp and Weiss, 1998) resulting in a test area of roughly 10 mm Â 2 mm with tabs at either end to permit clamping to a custom material testing device. Specifically, samples were taken from a set of 7 different regions: (A) proximal to the MCP joint (where the long extensor tendon merges with the hood), (B) over the MCP joint, (C) at the central band, (D) at the central slip, (E) at the terminal slip, (F) at the sagittal band, and (G) at the lateral band (see Fig. 1 ). The long axis of the sample was aligned with the direction of the collagen fibers (e.g. along the long axis of the finger for the central band and oblique to this axis for the sagittal band).
The tabs of each sample were wrapped in saline-moistened gauze and mounted in clamps with serrations designed to prevent tissue slippage. The initial length was determined by clamp-to-clamp distance before testing. The samples were assumed to have a rectangular cross-sectional area, and the thickness and width were measured at the central part of each sample with digital calipers (Model 500-196-20, Mitutoyo, Kawasaki-Shi, Japan). Three measurements were made for each dimension and the average value was employed. Two black 1.6-mm diameter plastic spherical markers were glued to the tissue for strain measurements, as shown in Fig. 2 . The tissue samples were kept moist through repeated administration of 5% saline solution. Biomechanical testing was conducted on a custom materials testing system (MTS), incorporating a linear actuator (RSA24; Tolomatic, Inc., Hamel, MN, USA), a brushless servomotor (MRV 21; Tolomatic, Inc., Hamel, MN, USA), a brushless servomotor drive (DV-10; Tolomatic, Inc., Hamel, MN, USA), and a load cell (Model 31, AL311BN, 50 lbs, Honeywell Sensotec, Columbus, OH, USA, accuracy 7 0.25% FS). The specimens were loaded to failure at a rate of 0.5 mm/s. Testing was performed at room temperature and recorded by a 1 megapixel video camera (IPX-1M48-L; Imperx Inc., Boca Raton, FL, USA) with 25-mm Pentax lens (Pentax, Tokyo, Japan) using Digital Motion Analysis Software (DMAS v7, Spicatek, HI, USA, accuracy 7 0.3 mm). Time, force, and actuator displacement were recorded at 40 Hz using LabVIEW data acquisition software (National Instruments, Austin, TX, USA) synchronized with video image recording.
Analysis
Load-displacement curves, using the clamp displacement, were first generated to align the different trials. The point on the curve at which the load first rose from the baseline value was identified manually and designated as the point of zero load and zero displacement. Load and displacement were subsequently measured from this point. Marker position data, synched with the force and clamp displacement data from the MTS, were extracted from the recorded video after testing by the Digital Motion Analysis Software. The nominal stress was determined by dividing the force output from the MTS load cell by the initial cross-sectional area of the sample, as determined from the caliper measurements of width and thickness. Soft tissue strain is typically measured by one of two means, either from the displacement of the MTS (thereby recording the clamp-to-clamp nominal strain, or "clamp strain" for the specimen (Woo et al., 1983) ) or from optical data recording the measurement of traceable markers attached to the specimen, (the imaging stretch (Kelleher et al., 2011) or "local" strain (Butler et al., 1984) ). As both techniques have relative pros and cons, and as the mechanical tissue properties determined from the two different methods may vary (Butler et al., 1984; Kelleher et al., 2011) , we provide both sets of values for completeness. Clamp nominal strain was computed by dividing the relative actuator displacement, measured by the motor's encoder, by specimen length at zero displacement. Local nominal strain was obtained from the marker displacement as recorded by the camera. As tissue failure did not always occur between the two markers, the displacement used to compute local strain was chosen to coincide with the location of the tissue failure: (1) displacement between the markers (b and c, in Fig. 2 ) when failure occurred in this region; (2) displacement between upper clamp edge a and lower marker c when failure occurred above b; (3) displacement between upper marker b and lower clamp edge d when specimen failure occurred below marker c. Ultimate clamp and local strains were determined at the time of ultimate stress. The clamp and local tangent moduli were computed as the slope derived from linear regression performed along the linear portion of the respective stress-strain curves (see Fig. 3 ). Linear stiffness was estimated from clamp tangent moduli by multiplying clamp moduli by specimen cross section area and divided by specimen length at zero displacement.
Values for the samples taken from the central axis of the extensor mechanism (locations A-E, Fig. 1) , which carries the majority of the force, were used in further statistical tests of variations in mechanical properties along the extensor hood. First, potential differences in mechanical properties between specimens from different digits were examined. To minimize risk of a type II error (failing to detect a significant effect of digit when it existed), separate univariate analysis of variance (ANOVA) was performed for each dependent variable. Failure to detect any significant effect of digit led to subsequent grouping of the specimens in further testing examining the influence of specimen location within the extensor hood. The main effect of location was then tested with an ANOVA for the dependent variables ultimate strain and load, tangent modulus, linear stiffness, and thickness, respectively. Finding of a significant effect led to post-hoc Tukey's HSD tests to compare the influence of the different locations. These statistical analyses were performed using JMP version 10 (SAS Institute Inc., Cary, NC). In cases where the assumption of homogeneity of variance was invalid, Welch-ANOVA was employed instead of ANOVA and post-hoc testing was conducted with Games-Howell in SPSS version 22 (IBM, Armonk, NY, USA). The statistical significance level was set at 0.05 for all tests.
Results
A linear portion of the stress-strain curve could be found for each sample for computation of the tangent modulus, such that R 2 40.98 for the fit of the modulus for each sample (see Fig. 3 ).
ANOVA analysis showed no significant effects of digit (index/ middle) on any of the mechanical property variables by finger type (p40.05 for each test). Thus, data from both digits were combined for subsequent assessment of the effect of specimen location within the extensor mechanism (Table 1) . Univariate ANOVAs were performed on the dependent variables local tangent modulus, ultimate strain, ultimate load, and linear stiffness. Welch-ANOVA was performed on the clamp modulus and thickness data because they had non-uniform variance according to Levene's equal variance test.
The depth of the extensor mechanism varied significantly (Welch-ANOVA: po 0.001) from the proximal to the distal sites (Table 1 ). The thickest part of the specimens was found near the MCP joint. The average thickness was 2.23 70.57 mm (mean 7 standard deviation) just proximal to the MCP joint (see Fig. 1 , location A) and 2.21 70.54 mm above the MCP (location B). The thickness of the extensor tendon decreases in its more distal sections. At the terminal slip (E), the extensor mechanism is less than half of the thickness at the MCP (1.0770.20 mm). GamesHowell multiple comparisons showed that the thicknesses of the specimens proximal to and above MCP (A and B) were significantly larger than in the central band, central slip and terminal slip (C, D, and E, respectively; see Table 1 ).
Ultimate load decreased in a corresponding manner (ANOVA: p¼ 0.006) along the tendon from proximal to distal sites (Table 1) . The samples just proximal to MCP (A) had maximal ultimate loads of 96.0 729.7 N, while the samples from the terminal slip (E) had ultimate loads of only 36.6 725.2 N. Comparisons of particular locations revealed that the ultimate load of the specimens around the MCP joint (A and B) was significantly larger than at the terminal slip (E), (Tukey: p o0.05). Ultimate clamp strain also varied significantly with location (ANOVA: p ¼0.038), with a low value of 28 77% at the central and terminal slips (D and E) and higher values of 35711% and 39 77% near the MCP (A and B) . Ultimate local strain showed a similar pattern but the effect of location was not significant (ANOVA: p ¼0.18).
The clamp tangent modulus also varied significantly across the extensor mechanism (Welch ANOVA: p ¼0.009). The GamesHowell test revealed significantly different values at the central band (C) and MCP joint (B). The modulus value almost doubled from 53.2 721.2 MPa at the MCP joint (B) to 100.6 750.8 MPa at the central band (C) and100.8 746.8 MPa at the central slip (D). The differences are readily apparent visually as well as the slopes in the stress-strain curves (Fig. 4) . Values for the local tangent modulus were on average 23% larger than the values for the clamp modulus, but the pattern was very similar. The local modulus ranged from 82.07 43.9 MPa at the MCP (B) to 125.3 7 62.1 MPa at the central slip (D). While the clamp tangent modulus changed significantly with sample location, the linear stiffness did not (ANOVA: p ¼0.12). The mean linear stiffness at the terminal slip (E: 29.7 717.8 N/mm), however, was substantially smaller than the value at the location proximal to the MCP (A: 55.5 715.1 N/mm). Unlike for the modulus values, the linear stiffness values from over the MCP, the central band, and the central slip were quite similar.
Samples from the sagittal band tended to be much more compliant than those for other locations (see Table 1 ). The mean values for the linear stiffness and ultimate load were the smallest for all of the sampled extensor hood locations. In contrast, the lateral band tended to be much stiffer, with an ultimate load double that of the sagittal band.
Discussion
Mechanical properties of the extensor mechanism were evaluated in different digits and at different locations along the structure. For the locations along the central axis of the extensor apparatus, ranging from the MCP joint to the terminal insertion site, mechanical properties did not vary significantly between the index and middle fingers. The thickness, stiffness, and ultimate strain were all very similar across the two digits and, thus, the samples could be grouped to focus on the main effect of location within the extensor mechanism.
Properties did vary significantly within the structure, however, location within the extensor hood had statistically significant effects on hood thickness, ultimate load, ultimate strain, and clamp tangent modulus. The thickness of the hood, for example, was greatest in the vicinity of the MCP joint and decreased distally, being smallest at the terminal slip. The thickness of the terminal slip was only half of that of the structures at the MCP joint. Accordingly, ultimate load was largest at the MCP joint and decreased as a function of distal position along the extensor apparatus. In contrast, the clamp and local tangent moduli tended to be larger at the distal sites (central band, central slip, and terminal slip), while smaller at the proximal sites (proximal MCP and over MCP). The greater stiffness may be needed to accommodate the loads transmitted to the insertion sites without causing excessive stretch of the tissue. Indeed, ultimate strain was the greatest in the most proximal regions of the extensor apparatus.
We also computed the linear stiffness to compare structural properties among different regions while accounting for the different thicknesses of the extensor hood in those regions. Linear stiffness did not vary significantly; the values through the middle of the structure from the MCP joint to the central slip were quite similar, much more so than the clamp tangent modulus. The mean linear stiffness for the terminal slip, however, was considerably smaller than the mean values for the other locations. Linear stiffness values were also relatively small in the lateral and sagittal bands. These differences in linear stiffness may be important in determining the relative force distribution between the central and terminal slips. This distribution, previously examined in cadaver specimens (Lee et al., 2008a; Valero-Cuevas et al., 2007) , is a key parameter for computational modeling of the extensor apparatus. The linear stiffness values that we estimated were much smaller than those reported previously (Garcia-Elias et al., 1991b) , for example, the mean stiffness over the MCP region was 256 N/mm, over the central band was 126 N/mm, and over the central slip was 294 N/mm. We believe that our values may be smaller due to the different method used to obtain the data. While we measured the elasticity in individual localized pieces of the hood, mechanical testing was done on the entire structure in the prior study. Linear stiffness was estimated from the local strain and the load force applied at two ends of the extensor apparatus. Thus, their bands were up to 5 times greater in cross-sectional area than ours, which were only 2 mm in width, with a resulting greater linear stiffness. In addition, in their preparation forces between the extensor hood and other structures, such as the joint capsule, may have reduced the net force applied to the tissue of interest and led to the appearance of greater stiffness. Overall, the tangent moduli were small in comparison with reported values for other human tendons or ligaments (Stabile et al., 2004; Stäubli et al., 1999; Wren et al., 2001) . For example, the clamp tangent modulus in our extensor hood specimens was almost an order of magnitude lower than values recorded from samples of the Achilles tendon (Wren et al., 2001) , and less than one-third of the values reported for the anterior (Butler et al., 1986) and medial (Quapp and Weiss, 1998) collateral ligaments in the knee. While the elastic moduli of the extensor hood were much smaller than those reported for several other tendons and ligaments, ultimate strains were much larger. Ultimate clamp strain values of 28-39% and local strain values of 23-36% were obtained at the ultimate load. These values are two times higher than the ultimate strains reported for the Achilles tendon (Wren et al., 2001 ), the ACL (Butler et al., 1986) , and the MCL (Quapp and Weiss, 1998) . The seemingly greater elasticity of the extensor apparatus is needed to accommodate flexion of the finger joints. Strains of 2-3% in the extensor hood were recorded due to passive flexion alone of the fingers, without any applied tendon load (Lee et al., 2008a) . Alternatively, possible differences among the studies in ages of the donors could also have impacted the observed elasticities (Noyes and Grood, 1976) . Unfortunately, age and gender data were unavailable for the specimens used in this study.
In summary, in agreement with Landsmeer (1949) , we saw variation in the mechanical characteristics of the extensor apparatus, although it is difficult to compare the absolute values we obtained with the previous study. While significant variations were not observed between the extensor hoods for different fingers, variations were observed throughout the structure for a given digit. Thickness and ultimate load were much greater in the proximal regions, but tangent modulus was larger in the more distal regions. Thus, the proximal regions were more compliant and, in fact, could withstand greater strain prior to failure.
The relative differences in mechanical properties throughout the extensor hood may substantially impact how force is transmitted through the structure. Our preliminary efforts to model this transmission with a finite element model of the extensor apparatus and underlying phalanges have suggested that load transfer from the tendons to the insertion sites in the central and terminal slips is significantly affected by the relative material properties throughout the structure. The specific contributions of the material properties and boundary conditions on the resulting forces at the terminal and central slips are a focus of further research by the authors. The variability in mechanical properties may have direct ramifications for surgical repair of extensor hood injuries, such as fixed boutonniere deformity (Littler and Eaton, 1967; Matev, 1969) , especially in procedures for which grafts from areas in the extensor hood are used. In addition, they can inform the development of biomimetic robots, such as the ACT Hand (Deshpande et al., 2013) .
